Abstract Abandoning traditional practice of piglet castration will impact the pigmeat sector. As a consequence, there is a need for research aiming at reducing boar taint caused by androstenone and skatole. Skatole is metabolized by cytochrome P450 enzymes (CYP450) in the liver. Skatole hepatic clearance is believed to be hindered by androstenone. Diet ingredients may modify skatole metabolism. Therefore, we tested the effect of hydrolysable tannins. We fed 51 young boars with 1-3 % chestnut wood extract as supplementary diet. After slaughter, the tissues were collected to assess androstenone and skatole accumulation in fat and to measure CYP450 activities, gene, and protein expression in the liver and intestine. Protein expression of two enzymes involved in androstenone metabolism, 3-beta-hydroxysteroid dehydrogenase (3β-HSD) and sulfotransferase family 2A member 1 (SULT2A1), was assessed, and feces collected to evaluate skatole production. Results show that intestinal skatole production in boars supplemented with 3 % of chestnut wood extract was more than halved. The intestinal catalytic activities of CYP450 were tenfold lower than hepatic and were mainly unaffected by tannins. Findings indicate a potential effect of tannins on steroidogenesis, which in the absence of effect on 3β-HSD and SULT2A1 expression suggests lower synthesis of androstenone due to tannins.
Introduction
Sustainable food production systems are an essential part of a future agriculture and are in turn related to the welfare of animals, farmed for food purposes. Pork is one of the most widely consumed meat in the world. To improve sensory quality of pork, male piglets intended for meat industry are surgically castrated in many countries. Surgical castration minimizes an unpleasant off-flavor (boar taint) which otherwise can develop in meat when boars reach puberty and is generally disliked by the consumers. According to current trends (European declaration on alternatives to surgical castration of pigs), this practice has been recognized as animal welfare problem and is likely to be abandoned. Fattening boars may thus become a more widespread practice in the EU. However, to avoid consumer dissatisfaction, sustainable methods for minimizing boar taint levels in the meat need to be developed.
Skatole is one of two main compounds of boar taint. It is produced in the large intestine by bacterial degradation of amino acid L-tryptophan and after absorption is transported to the liver, where it is metabolized (Fig. 1) . Hepatic CYP450-mediated metabolism is the major way by which pigs eliminate skatole (Zamaratskaia and Squires 2009) . However, biotransformation of skatole might also occur in extra-hepatic tissues, such as the intestine. The CYP450 profile in the porcine large intestine has not yet been fully characterized. The presence of CYP3A activity in the pig colon was recently demonstrated, and this activity was induced by dietary hydrolysable tannins . We hypothesized that higher activity of skatole-metabolizing enzymes in the colon might at least partly contribute to lower skatole intestinal absorption in adipose tissue. If the hepatic clearance of skatole is lower, excess skatole will be accumulated in the adipose tissue, giving rise to boar taint. The concentration of skatole in adipose tissue is therefore a result of multifaceted processes such as its formation, absorption, metabolism, and deposition Due to its intestinal origin, skatole concentrations are largely dependent on nutritional factors (Wesoly and Weiler 2012) . Skatole is to a certain extent associated with androstenone-the second main compound of boar taint-because it is believed that androstenone together with other testicular steroids can inhibit skatole hepatic clearance (Rasmussen and Zamaratskaia 2014) . Androstenone is produced in the testes similarly to anabolic hormones but has no known hormonal activity (Zamaratskaia and Squires 2009) . Thus, androstenone is mainly affected by puberty stage and genetic background of the pigs (review of Bilić-Šobot et al. 2014) . It is generally believed that dietary factors are less important in the regulation of androstenone levels.
Tannins are water-soluble polyphenols with varying molecular weights. They are chemically classified as hydrolysable or condensed tannins and are both considered to have either adverse or beneficial effects depending on their concentration and nature (Mennen et al. 2005) . In many animal species, adding tannins in the diet showed negative effects including hepatotoxicity, toxic nephrosis, feed intake depression, and growth reduction as they reduce digestibility of proteins, lower the activity of digestive enzymes, cause damage to intestinal mucosa, or exert systemic toxic effects (MuellerHarvey 2006) . On the other hand, tannins can also have positive health effects in animals such as antibacterial, antiparasitic, antioxidant, antidiarrheal, and anticancer properties (Mennen et al. 2005) . Pigs from the Mediterranean region often consume relatively large amounts of acorns (containing 3-7 % of tannins) during the fattening ("montanera") phase (Rodríguez-Estévez et al. 2011) . This is an example of positive effects of tannins and can be explained by adaptation to high tannin levels through the proline-rich proteins (PRP) from saliva (tannin-binding salivary protein comprise PRP and histatins, the compounds with strong affinity for tannins; Mole et al. 1990 ). PRPs present the first evolutionary defense mechanism in animal species against the protein precipitating activity of tannins.
Tannins are known to have bitter or astringent taste which reduces palatability and consequently negatively affect pigs' voluntary feed intake and growth performance. It has also been shown that they inhibit specific gastric enzymes (Murakami et al. 1992) , decrease small intestine proteolytic enzymes activity (van Leeuwen et al. 1995) , decrease activity of trypsin in pancreatic tissue (catalyzes the hydrolysis of peptide bonds in duodenum), and activate brush border ( -glutamyl transferase). This could disturb absorption of nutrients in the small intestine in pig pancreas and brush border of small intestine (Lizardo et al. 1995) , reduce protein digestibility (Smulikowska et al. 2001) , and increase the excretion of endogenous proteins . On the other hand, it has been shown that feeding weaned piglets with tannin wood extract can improve feed efficiency and reduce intestinal bacterial proteolytic reaction (Biagi et al. 2010) , which results in reduced count of harmful and elevated count of beneficial microorganisms in feces and increased growth performance during pre-fattening and fattening period (Brus et al. 2013) . Despite generally believed negative impact of tannins on growth performance, Lee et al. (2016) suggested that diet Fig. 1 Boar taint is a complex, unpleasant, sensory sensation of meat from entire male pigs which may develop after they reach sexual maturity. It has been ascribed to fat tissue accumulation of androstenone and skatole, two substances with interrelated metabolism. Nutrition has an important impact on boar taint compounds of pigs could be supplemented up to 5 % with tannin-rich chestnut. A recent study by Čandek-Potokar et al. (2015) demonstrated no negative effects on growth performance in boars supplemented with 1 and 2 % extract of hydrolysable tannins, induced activity of cytochrome CYP450, likewise potential positive effects on reduction of boar taint; however, further studies are needed to validate first results as well as elucidate underlying mechanisms.
The aim of present study was to evaluate the use of dietary hydrolysable tannins as an alternative to surgical castration of pigs, to prevent boar taint. Specifically, we investigated the effect of hydrolysable tannins on skatole levels at various sites and it effect on CYP450 (activities, gene, and protein expression). Moreover, the effect of dietary hydrolysable tannins on the levels of androstenone was also evaluated.
Material and methods

Animals and experimental design
The experiment was carried out on a commercial family farm in the eastern part of Slovenia respecting the Slovenian law on animal protection (Uradni list Republike Slovenije 43/2007). The experiment comprised 51 entire male pigs (boars), crossbreeds of Landrace and Large White. At approx. 55 kg of live weight (126 days of age), pigs were randomly assigned to four treatment groups (pens) and started receiving experimental diets (2 weeks of transition period to experimental diet only). For all treatment groups, commercial feeding mixture BEK-2 was used (produced by Jata Emona d.o.o., Ljubljana, Slovenia) with 12.9 MJ ME/kg and 15 % of crude proteins (detailed information is given in Zamaratskaia et al. 2015) . Pigs were fed according to feeding plan respecting requirements of pigs during fattening period (in average 2.9 kg per pig daily). The feed mixture for control group (T0, n = 12) had no tannin supplementation, whereas the other three mixtures (for T1, T2, and T3 groups) were supplemented with 1, 2, and 3 % tannin extract Farmatan® (Tanin Sevnica d.d., Sevnica, Slovenia), respectively. The estimate of the quantity of consumed tannins per day is presented in Table 1 . The experiment lasted 77 days and was finished when pigs had approx. 205 days of age. Pigs were slaughtered according to the standard abattoir procedure. After the removal of the digestive tract, the intestinal content, intestinal mucosa (colon descendens), and liver were sampled, immediately frozen in liquid nitrogen and stored at −80°C until further analyses. At the end of slaughter line, subcutaneous fat samples were taken for the subsequent determinations of androstenone and skatole concentration. At the slaughter line, testes were removed and weighed.
Zootechnical performance
Boars were weighed at the beginning (at 53.0 ± 5.3 kg live weight) and at the end of experiment (at 126.7 ± 11.3 kg live weight) which lasted 77 days. Daily gain (individual) was calculated based on these two measurements and represents growth rate (g/day) for the experimental period. The feeding was monitored, and the same quantity of feed was offered daily to all pigs.
Intestinal content analyses
Intestinal pH measurements were performed in a supernatant (1 g of sample was diluted in 4 mL of water, vortexed for 20 s, and centrifuged at 3000 g for 15 min) using MP120 pH meter (Mettler-Toledo). Determination of intestinal dry matter (DM) and ammonia nitrogen content was measured as described in Čandek- . Shortly, samples for DM determination were dried in vacuum oven (SP-105C, Kambič) and weighed. Concentration of ammonia nitrogen was determined with Kjeldahl digestion. Ammonia titration was performed using 0.15 M hydrochloric acid and measured with Tecator 2020 Digestor apparatus (Foss Tecator) for the digestion.
Skatole and indole concentration of intestinal content was measured according to the modified method described in Čandek-Potokar et al. (2015) . Samples (5 g) were suspended in 20 mL of methanol, homogenized, centrifuged, and internal standard (2-methylindole) was added. Tris buffer was added, and the mixture was cleaned on a Supelclean LC-18 SPE column (Supelco). Using high-performance liquid chromatography (HPLC; HP 1200, Agilent Technologies, Waldbronn, Germany) equipped with a fluorescence detector (λex = 285 nm, λem = 340 nm) separation and quantification of skatole and indole contents was performed.
Skatole and androstenone concentration in subcutaneous fat
The concentration of boar taint compounds was determined using HPLC (HP 1200, Agilent Technologies, Waldbronn, Germany) equipped with a fluorescence detector according to the procedure described in Pauly et al. (2008) . Shortly, samples (10-20 g) were liquefied in microwave oven, then centrifuged at 11,200 g for 20 min at room temperature (20°C). Centrifuged samples were heated to 50°C and transferred in 2 mL Eppendorf tubes with different standards (androstanone and 2-methylindole in methanol). The next step included incubation and centrifugation. The mixture (10 or 20 μL, for androstenone or skatole determination, respectively) was injected into a HPLC column and fluorescence was detected (at λex = 346 nm, λem = 521 nm for androstenone and λex = 285 nm, λem = 340 nm for skatole). For androstenone, prior to injecting into HPLC column, supernatant (50 μL) was submitted to derivatization with dansyl hydrazine. Detection limit of methods was 0.24 mg/g for androstenone and 0.03 mg/g for skatole. Inter-and intraassay variation did not exceed 10 %.
2.5 Catalytic activities of CYP1A1/2, CYP1A2, CYP2A19, CYP3A, and CYP2E1 in the liver and intestine Hepatic and intestinal microsomes were prepared using the calcium aggregation method (Rasmussen et al. 2011) . Microsomal protein was determined using a commercially available kit (Bio-Rad Laboratories) according to the manufacturer's instructions. Catalytic activities of major enzymes involved in skatole metabolism CYP1A1/2, CYP1A2, CYP2A19, CYP3A, and CYP2E1 in the microsomes were measured. The activities of CYP1A1 and CYP1A2 were determined as the rates of 7-ethoxyresorufin O-deethylation and 7-methoxyresorufin O-demethylation, respectively, and the activities of CYP2A19 and CYP2E1 as the rates of coumarin and p-nitrophenol hydroxylation, respectively ). The activity of CYP3A was determined as the rate of 7-benzyloxyresorufin O-debenzylation (Zlabek and Zamaratskaia 2012) . Product formation from corresponding substrate was linear as a function of the incubation time and of the protein content in the microsomes.
The reactions were started by the addition of 0.5 or 1 mM NADPH and were conducted at 37°C. All assays were performed in duplicate. The amount of formed metabolites was measured in duplicate on an HPLC system consisting of a pump (L-7100), autosampler (L-7200), fluorescence (L-7485), and UV-Vis detector (L-4250) and D-7000 HPLC Manager software (Merck Hitachi). Enzyme activity data were expressed as picomole metabolite formed per milligram protein/min.
Gene expression
Total RNA was isolated using Tri-reagent according to the manufacturer's instruction (Sigma-Aldrich), followed by the reverse transcription of 500 ng RNA using the iScript complementary DNA (cDNA) synthesis Kit (Bio-Rad). The specific messenger RNA (mRNA) concentration was determined by real-time PCR using specific primers and TaqMan probes applied to equal amounts of cDNA from each sample. The reactions was performed in duplicates in 96-well plates under the following conditions: 50°C for 2 min, 95°C for 10 min followed by 40 cycles of 95°C for 15 s, and 60°C for 1 min. The used primers and TaqMan probes for PCR were as follows: 
Western blotting
Western blotting was performed using the microsomal fraction prepared as described in section 2.5. Equal amounts of protein (20 μg) were separated on gels (any Kd, Bio-Rad) and electroblotted on to a polyvinylidene fluoride membrane. Following, staining with Ponceau S for visual inspection of blotting equality and efficiency, the membrane was blocked in trisbuffered saline with Tween 20 (TBST)-buffer (50 μM Tris, 500 μM NaCl, 0.1 % Tween 20; pH 7.4) added 2 % dry milk. The membrane was incubated overnight with primary antibodies diluted in TBST-buffer containing 2 % dry milk. After incubation with horseradish peroxidase-conjugated secondary antibodies, the membranes were washed several times in TBST-buffer before visualizing of the specific proteins with ECL substrate (Bio-Rad) and a CDD camera. The used antibodies were all used in a concentration of 1:1000, CYP1A (Sc-53241, Santa Cruz), CYP2A (Sc-53615, Santa Cruz), CYP2E1 (Ab28146, Abcam), CYP3A (Sc-25845, Santa Cruz), and 3β-HSD (R1484, donated by J. Ian Mason, The University of Edinburgh, Scotland, UK).
Statistical analysis
Statistical analysis was carried out using GLM procedure of SAS (SAS Inc. Cary, USA) with fixed effect of treatment group (tannin addition). In the case of testes weight, final live weight was added in the model as covariate (it was significant at P < 0.001). When the effect of treatment group was significant (P < 0.05), multiple comparison of least squares means (LS means) was performed using Tukey test.
Results and discussion
Catalytic activities of hepatic and intestinal CYP450
Significant effect of tannin supplementation on the activities of hepatic CYP450 (Table 1) was observed only for CYP2E1 where T1 group had significantly (2.1-fold) lower values compared to T2 and T3. A trend of reduction was observed also for the activities of CYP1A1 and CYP2A19 (P = 0.10 and P = 0.11, respectively). In both cases, catalytic activities were progressively reduced with increasing tannin supplementation. In the intestine, only CYP1A and CYP3A showed activities. The intestinal activities were up to tenfold lower compared to the hepatic activities of the same enzymes. CYP3A activity was not affected by the including of tannins into the diet, whereas the activity of CYP1A was higher in the pigs supplemented with tannins.
Gene expression in hepatic and intestinal tissue
For all investigated genes (important for skatole metabolism), we found no differences in their expression in the liver between the experimental groups (Fig. 2) . In the intestine, no consistent expression of CYP2E1 and 3β-HSD was detected, meaning that Ct-values for individual samples were below 35 or in most cases "non-detected." For intestinal CYP1A1, CYP2A19, and SULT1A2 expression, there were no differences between the experimental groups (Fig. 2) .
Protein expression in hepatic and intestinal tissue
Protein expression of CYP1A, CYP2E1, CYP2A, and 3β-HSD in the liver was not different between the experimental groups (Fig. 2) . In the present study, a decrease in the hepatic CYP2E1 was not accompanied by a similar decrease in protein and gene expression indicating that CYP2E1 is regulated by post-transcriptional factors, such as stabilization of the enzyme. Discordant relationship between gene and protein expression and CYP2E1 activity is commonly observed in pigs and other species (Kocarek et al. 2000; Brunius et al. 2012) .
The protein expression of CYP3A has been previously reported . We detected no protein expression of CYP1A, CYP2E1, CYP2A, and 3β-HSD in the intestinal microsomes. There is growing interest in finding dietary ingredients with potential to reduce skatole levels and thus improve sensory quality of meat from boars. The key aim of the present study was to evaluate the effects of adding hydrolysable tannins in the diet of fattening boars on skatole metabolism, in particular, its deposition in fat and on the function of skatolemetabolizing enzymes in the liver and large intestine. Our previous study demonstrated that in fattening boars supplemented with hydrolysable tannins activities of some skatolemetabolizing enzymes (CYP2E1, CYPA19) were increased and accompanied by reduction in skatole accumulation in fat . In the present study, which was a follow-up of the study using larger number of pigs (in group housing), we included measurement of the CYP450 activities in the large intestine. To the best of our knowledge, this is the first study attempting to relate activity of CYP450 at the site of skatole biosynthesis to the levels of skatole in fat and feces. We did not find measurable activity of major skatolemetabolizing enzymes, CYP2E1, and CYP2A19 in the intestinal microsomes. It is worth noticing that we detected CYP2A19 mRNA expression in the intestine, while no protein expression was observed. However, CYP1A1/2 activities measured as ethoxyresorufin-O-deethylase (EROD) were higher in the large intestine of pigs fed tannins accompanied by lower intestinal skatole levels (intestinal formation). CYP1A1/2 protein expression was not observed in the intestine. The study by Matal et al. (2009) indicated an involvement of CYP1A2 in skatole metabolism in the liver. It is not known if skatole is metabolized in the large intestine. Moreover, from our data, it is not possible to conclude if lower skatole levels in the intestinal content of pigs supplemented with tannins are due to reduced biosynthesis or to increased intestinal metabolism of skatole. In the future studies, it would be desirable to include measurements of skatole metabolites in the feces.
Unexpectedly, neither CYP2E1 nor CYP2A19 expression and activities in the liver were affected by dietary hydrolysable tannins. CYP2E1 activity was the highest in T2 and T3 groups which had two-and threefold higher intake of tannins as control or T1; however, the difference was significant only in comparison to T1 and not to control group. Limited knowledge exists regarding regulation of CYP450 by dietary tannins, and the results are controversial. Intraperitoneal treatment of female Swiss mice with tannic acid in the dose range of 20-80 mg/kg resulted in reduction of hepatic EROD and MROD activities by 25-28 %, and PNPH by 50 % (KrajkaKuźniak and Baer-Dubowska 2003) . In Sencas mice, EROD activity was also reduced in the lung and forestomach after Fig. 2 Relative gene expression of all investigated enzymes was higher in the liver than in the large intestine. No significant effect of tannin extract supplementation (control-0 %; T1-1 %; T2-2 %; T3-3 %) was observed on relative gene expression either in the liver or large intestine. Likewise, protein expression of investigated enzymes in the liver did not differ between experimental groups. No protein expression was detected in the intestinal microsomes tannic acid supplementation (1 %) (Athar et al. 1989) . Tannic acid inhibited CYP2E1 activity in the liver microsomes from acetone-induced mice (Mikstacka et al. 2002) . The exact mechanism of CYP450 regulation by hydrolysable tannins is yet to be elucidated.
As the results on androstenone (Table 2) indicate the effect of tannins on sexual development, corresponding differences in 3β-HSD and SULT2A1 expression could be expected. However, this was not the case. This fact could suggest that experimental diet was not increasing the hepatic metabolism of androstenone, but is indicative of its lower synthesis. Despite numerous health benefits, adverse effects of polyphenolic compounds with excessive consumption have also been reported among which reduced fertility in animals and sexual maturity in infants, antiandrogenic effects, and testicular atrophy in rats (Mennen et al. 2005) .
Zootechnical performance, testes weight, boar taint compounds, and intestinal content
Zootechnical performance of fattening boars (Table 2) was monitored, and there was no adverse effect of tannin addition, even at relatively high levels. Final body weight (and growth rate) was lower in control group of pigs in spite of the same daily ratio offered (per pig). Growth rate was not affected by tannins, contrary to our first study, in which fattening boars were individually housed, and reduced feed intake (and consequently growth rate) was noted at 3 % tannin inclusion . Another point of relevance is the final concentration of tannins in the feed mixture. Our aim was to supplement the basic diet with 1, 2, and 3 % of tannin extract, but the posterior chemical analysis of feed mixtures showed that the actual concentrations of total phenolic compounds were similar in control and T1 group denoting similar intake of tannins which should be taken into account when interpreting results on CYP450.
It has been demonstrated in growing boars that testes/body volume ratio increases with body weight and can be used to identify boars with high androstenone level (Font i Furnols et al. 2016) . In the present study, the effect of treatment group was not significant on testes weight (Table 2) , however, adding final body weight in the model as covariate (i.e., comparison at the same weight) indicated a tendency (P = 0.0850) of smaller testes with increasing tannin supplementation. This result is further corroborated with the effect on androstenone where we could note a progressive decrease of androstenone level with increasing tannin supplementation (from 0.85 μg/g in T1 to 0.40 μg/g in T3, P = 0.05). Similar extent of androstenone reduction was also observed in our first study ) though statistically insignificant. Low level of androstenone in control group could be explained by its correlation with testes weight (r = 0.67 reported by Aldal et al. 2005) . For what regards the androstenone and skatole deposited in fat, the first was comparable whereas the later was generally higher as in the first study (we used same crossbreed and origin of pigs). Contrary to our first study, we could not find any effect of tannin supplementation on skatole deposited in fat. The effect of dietary supplements on the concentration of androstenone in adipose tissue is less known except for studies of Rasmussen et al. (2012) . In this study, chicory root as dietary supplement was found to be related to higher expression of the enzyme 3β-HSD, which is essential for hepatic metabolism as it catalyzes the transformation of androstenone to β-androstenol. The correlations between adipose tissue skatole concentration and CYP450 activities, gene, and protein expression were mainly weak and non-significant except with the liver CYP2E1 activity (r = 0.36) and intestinal CYP3A activity (r = 0.33).
The effect of tannin supplementation on pH, dry matter, indole, and skatole concentrations of intestinal content in colon descendens was the most pronounced on skatole concentration (in fresh and dry matter). Despite constant reduction of skatole concentration from control to T3, only T3 group differed significantly from other three groups and was reduced by half compared to control group. Significant effect of tannin supplementation could also be observed on nitrogen content in DM, as it was significantly higher in T2 and T3 than control group. Similar trend, although not significant, could be noted for nitrogen content of wet matter. Ammonia content was reduced with tannin supplementation, but the difference was significant only between control and T1. No effect of tannin supplementation was observed on pH and indole content. In agreement with our previous study , we observed a clear effect of tannin supplementation on (reduced) skatole production in the intestine, which indicates a beneficial effect on gut ecology. We also confirmed the increase of N concentration in the intestinal content due to adding the tannins, indicating their ability to complex proteins.
Conclusion
Intestinal catalytic activities of CYP450 were tenfold lower than hepatic and were mainly unaffected by tannins. General trend was reduced catalytic activities of CYP450 in hepatic microsomes, however significantly only CYP2E1 of T1.
There was also no difference in gene or protein expressions of studied CYP450 either in the liver or in the intestine (mostly non-detected). Results on androstenone indicate effect of tannins on sexual development, which along with absence of effect on 3β-HSD and SULT2A1 expression suggests its lower synthesis. Overall, hydrolysable tannins might exert potential for boar taint prevention via reduced intestinal skatole production and antiandrogen impacts.
